To identify molecules that may play a role in the initiation of cerebral cortical area formation, we examined the expression of the Eph receptors and their ligands, the ephrins, during primate corticogenesis. We selected the macaque monkey neocortex because of its clear areal subdivisions, large surface area, protracted development (gestation ϭ 165 d), and similarity to the human brain. In situ hybridizations, performed at early [embryonic day 65 (E65)], middle (E80), and late (E95) stages of cortical development, revealed that EphA system family members are expressed in distinct gradients and laminar and areal domains in the embryonic neocortex. Indeed, several regionally restricted molecular patterns are already apparent within the cortical plate at E65, before the formation of thalamocortical connections, suggesting that the initial expression of some EphA system members is regulated by programs intrinsic to cortical cells. For example, EphA3, EphA6, and EphA7 are all selectively expressed within the presumptive visual cortex. However, although EphA6 and EphA7 are present throughout this region, EphA3 is only expressed in the prospective extrastriate cortex, suggesting that cortical cells harbor functional biases that may influence the formation of appropriate synaptic connections. Although several patterns of early gene expression are stable (e.g., EphA3, EphA4, and EphA6), others change as development proceeds (e.g., EphA5, EphA7, ephrin-A2, ephrin-A3, and ephrin-A5), perhaps responding to extrinsic cues. Thus, at E95, after connections between the cortical plate and thalamus have formed, receptor subtypes EphA3, EphA5, EphA6, and EphA7 and the ligand ephrin-A5 are expressed in posterior regions, whereas EphA4 and ephrin-A2 and ephrin-A3 are either uniformly distributed or anteriorly biased. Taken together, our results demonstrate molecular distinctions among cells of the embryonic primate neocortex, revealing hitherto unrecognized compartmentalization early in corticogenesis.
The mature cerebral cortex can be divided into morphologically distinct, f unctionally dedicated, and stereotypically connected cytoarchitectonic areas (Brodmann, 1909) . How might these cellular fields emerge during development? One hypothesis, put forth by classical anatomists and physiologists, is that cortical cells are initially unspecified and that their parcellation is determined by thalamic input (Creutzfeldt, 1977) . Indeed, subsequent data support the idea that the differentiation and precise delineation of cytoarchitectonic areas depends critically on the interaction of target regions with thalamic inputs (Rakic, 1988; Sur et al., 1988; O'Leary, 1989; Roe et al., 1990; Schlaggar and O'Leary, 1991; Agmon et al., 1995; Molnar et al., 1998 ). An extension of this hypothesis is that embryonic cortical cells are actually heterogeneous, creating a crude blueprint or protomap of f uture functional domains. This protomap would initially direct associations among neighboring cortical cells, and it later attracts appropriate inputs, with intrinsic and extrinsic forces collaborating in the final assignment of region-specific properties (Rakic, 1988) . In support of this concept, domain-specific molecular markers as well as regional differences in rates of cell division suggest that distinct populations of cells exist within the cerebral cortex (Barbe and Levitt, 1991; Arimatsu et al., 1992; Dehay et al., 1993; CohenTannoudji et al., 1994; Bulfone et al., 1995; Eagleson et al., 1997; Polleux et al., 1997; Na et al., 1998; Nothias et al., 1998) . Furthermore, tissue culture, cell lineage, and transplantation studies testify that cortical cells exhibit certain phenotypic, laminar, and regional biases (Luskin et al., 1988; McConnell, 1988; Parnavelas et al., 1991; Ferri and Levitt, 1993; Tan et al., 1998) . However, no molecule whose expression corresponds to particular presumptive cortical areas during their formation has been identified to date.
To identify and characterize molecular differences among developing functional domains, we chose to study the embryonic monkey cortex for several reasons. First, cytoarchitectonic areas are diverse and distinct. Second, a large portion of its 165 d gestation is devoted to the development of distinct components of the nervous system. This extended neural development results in the generation of cortical cells in the absence of connections between the cortex and the thalamus, effectively separating cortical development into two phases; the first is governed by intrinsic programs and the second is responsive to environmental factors (Rakic, 1976 (Rakic, , 1977a . Third, the primate cortex has a large surface area, providing high spatial resolution. Fourth, an extensive body of work has recorded the generation of cells, the formation of connections, and the properties of synapses in the primate cortex, providing a rich context in which to interpret molecular patterns (Rakic, 1974; Shatz and Rakic, 1981; Rakic, 1984, 1990; Bourgeois and Rakic, 1993; Kennedy and Dehay, 1993; Dehay et al., 1996; Horton and Hocking, 1996) . We set our sights on a group of molecules important in patterning in other developmental paradigms but whose roles in corticogenesis were unclear. The Eph system consists of Eph receptors (C lass A or B) and either gpi-linked (ephrin-A) or transmembrane (ephrin-B) ligands (T uzi and Gullick, 1994; Pandey et al., 1995; Eph Nomenclature Committee, 1997) . Although promiscuous, EphA receptors tend to bind and be activated by ephrin-A ligands and EphBs by ephrin-Bs (Gale et al., 1996) . Although members of these families have roles in many tissues (Patel et al., 1996; Wang and Anderson, 1997; Wang et al., 1998) , some of their most striking effects are within the nervous system (Krull et al., 1997; Smith et al., 1997; Wang and Anderson, 1997) . For example, in the retinotectal system, expression of ephrin-A2 and ephrin-A5 is graded within the tectum, retinal axons respond differentially to their presence, and animals lacking ephrin-A5 have distorted retinotectal maps (Cheng et al., 1995; Drescher et al., 1995; Feldheim et al., 1998; Frisen et al., 1998) . Moreover, in the neuromuscular system, ephrin-A5 expression is positionally biased in skeletal muscle and affects axon outgrowth from peripheral nerves in a positional manner (Donoghue et al., 1996; Fukushima et al., 1996) . Regarding cerebral cortical specificity, the contributions of the Eph system are not well known; however, two studies support their involvement. First, ephrin-A5 was isolated on the basis of its ability to bind to cortical axons and inhibit their fasciculation (Winslow et al., 1995) . Second, in postnatal rodents, ephrin-A5 and EphA5 are segregated to specific portions of the cortex and the thalamus, respectively, and thalamic axons respond preferentially to ephrin-A5 (Z hang et al., 1996; C astellani et al., 1998; Gao et al., 1998) . Now, to determine whether members of the Eph system are expressed during the establishment of cortical areas and, if they are, what their spatial and temporal distributions are, we examined this set of molecules in the developing macaque monkey cortex.
MATERIALS AND METHODS

Surg ical procedures.
Timed pregnant rhesus monkeys were obtained from the Yale primate breeding colony (New Haven, C T) and the New England Regional Primate C enter (Southborough, M A) 65, 80, or 95 d after the estimated day of conception, and cesarean sections were performed as described previously (Rakic, 1972) . Briefly, pregnant females were sedated with 5-10 mg / kg ketamine and 0.2 mg / kg atropine sulfate, an intravenous catheter was introduced for fluid administration, and the abdomen was prepared under sterile conditions. Heart rate and respiration were monitored throughout the procedure, which was performed under isofluorane-oxygen inhalation anesthetic. A midline incision was made, the uterus was incised, the chorioallantoic membrane was punctured, and the embryo was delivered. Finally, the mother's uterus and abdominal walls were sutured, and her health was closely monitored for several days. Three animals at each embryonic age were examined.
T issue preparation. Embryonic monkey brains were dissected and split into hemispheres. Each hemisphere was then placed on a thin layer of embedding media on a microscope slide and frozen by placing the slide on dry ice and sprinkling dry ice powder over the sample. After it was f ully frozen, each sample was transferred to Ϫ80°C and stored. On the first day of each in situ hybridization, the tissue was brought to Ϫ20°C, and cryostat sections of 10 -20 m were cut and thaw-mounted onto silanated slides.
In situ hybridizations. In situ hybridizations were performed according to Donoghue et al. (1996) . Briefly, slides containing freshly cut embryonic monkey brains were incubated in the following series of solutions at room temperature: (1) 4% paraformaldehyde, pH 7, for 10 min, (2) PBS for 10 min, (3) 0.75% glycine/ PBS twice for 3 min each, (4) PBS for 5 min, (5) 0.1 M triethanolamine (TEA) buffer for 5 min, (6) 0.1 M TEA containing 500 l acetic anhydride for 10 min, (7) 0.1 M TEA for 5 min, (8) 50, 70, 95, and 100% ethanol for 2 min each, (9) chloroform for 5 min, (10) 100% ethanol twice for 2 min each. Probes were diluted in hybridization solution and denatured at 100°C for 2 min. Hybridization solution containing probe (3 ϫ 10 6 in a volume of 120 l) was then spread over each section, and a coverslip was placed over this solution and sealed. Slides were then incubated in a humidified chamber at 65°C for at least 16 hr. After hybridization, slides were incubated in the following series of solutions: (1) 2ϫ SSC for 15 min at room temperature, (2) 0.5ϫ SSC for 5 min at room temperature, (3) 0.1ϫ SSC for 20 min at 65°C, (4) 1ϫ RNase buffer for 5 min at 37°C, (5) 20 g /ml RNase A in 1ϫ RNase buffer for 30 min at 37°C, (6) 1ϫ RNase buffer for 30 min at 37°C, (7) 2ϫ SSC for 30 min at room temperature, (8) 0.1ϫ SSC twice for 10 min at 65°C, (9) 0.1ϫ SSC for 30 min at room temperature, (10) 50, 70, 95, and 100% ethanol for 2 min each at room temperature. After exposure to film, slides were dipped in N TB2 nuclear track emulsion (Kodak, Rochester, N Y), exposed for ϳ1 month at 4°C, developed, lightly counterstained with hematoxylin and bis-benzamide, coverslipped in glycerol, and photographed with either dark-field, fluorescent, or bright-field optics.
Generation of primate antisense probes. Human or monkey template DNAs, corresponding to members of the EphA and ephrin-A families, were obtained either as the generous gift of Nick Gale (Regeneron Pharmaceuticals, Inc.) (Gale et al., 1996) or by RT-PCR and subsequent cloning and characterization from embryonic rhesus monkey brain RNA [according to Sambrook et al. (1989)] . These templates were then linearized, and antisense RNA probes were generated by in vitro transcription (Melton et al., 1984) . The quality of the RNA probes was then confirmed by PAGE followed by autoradiography.
RESULTS
The developing cerebral wall in primates, as in other mammals, contains several transient embryonic zones (Sidman and Rakic, 1973; Rakic, 1977b; Kostovic and Rakic, 1990) . These zones include (1) the ventricular zone (VZ), with its dividing neural progenitor cells; (2) the subventricular zone (SVZ), which acts early in corticogenesis as a secondary neuronal progenitor compartment and holding area for postmitotic cells from the VZ, and later in development as the major source of glia; (3) the intermediate zone (IZ), through which migrating neurons traverse along radial glial processes; (4) the subplate zone (SP), thought to be essential in orchestrating proper thalamocortical connectivity; (5) the cortical plate (CP), the initial condensation of postmitotic neurons that will become the characteristic six-layered structure of the mature cortex, generated in a stereotyped inside-first, outside-last manner; and (6) the marginal zone (MZ), the most superficial, cell-sparse layer, important in the establishment of the laminar organization of the cortex. Notably, these zones are especially broad and pronounced in primates, enabling their visualization within the width of the cerebral wall at each developmental stage.
We have focused our study on three embryonic days (E): E65 (Figs. 1, 2) , E80 (Figs. 3, 4) , and E95 (Figs. 5, 6 ) of the macaque monkey's 165 d gestational period. These age groups were selected because they represent distinct phases of corticogenesis (Rakic, 1974 (Rakic, , 1976 (Rakic, , 1977b . For example, the neocortex at E65 is characterized by intensive proliferation of cells within the VZ and massive migration of postmitotic cells through the IZ. Moreover, cells have begun to condense after this migration, forming the CP. However, at this age zones within the cerebral wall still consist of mixed populations of cells, including an IZ that contains cells destined for the SP and a CP that consists of cells that will either comprise the SP or future layers V and VI of the mature cortex (Rakic, 1977b; Shatz and Rakic, 1981; Kostovic and Rakic, 1990) . Furthermore, and important for our studies, axons from the thalamus have not yet invaded the cortical plate at E65 (Rakic, 1976 (Rakic, , 1977b . In contrast, 2 weeks later at E80, the cerebral wall is significantly different: cells continue to proliferate and migrate, but now the CP is more substantial, including future layer IV cells, the prospective targets of thalamic inputs. Thalamic axons have not yet invaded the CP; however, some are present in the cerebral wall, waiting in the SP zone (Rakic, 1976) . Similarly, pyramidal neurons of prospective layers V and VI have not yet extended their projections to their subcortical targets (Shatz and Rakic, 1981) . In another 2 weeks, at E95, the neocortex enters a stage at which cell proliferation has virtually ceased, and the C P is well formed and has both extended axons toward and received inputs from the thalamus (Rakic, 1976 (Rakic, , 1977b Shatz and Rakic, 1981; Sidman and Rakic, 1982) . Thus, these three embryonic ages represent the beginning, middle, and end of the formation of the cerebral cortex in the macaque monkey, and they correspond to periods that precede, are coincident with, and follow the initial formation of connections between the cortical plate and the thalamus.
Here we describe patterns of EphA and ephrin-A gene expression at each of these three embryonic ages, both along the cortex's anteroposterior axis and within its embryonic zones. These data are presented as in situ hybridizations of sagittal sections because this view reveals the greatest number of f uture f unctional areas, arrayed along the cortex's anteroposterior (rostrocaudal) axis, as well as the embryonic zones of the cerebral wall. The data presented at each age consist of a pair of figures. The first of each pair (Figs. 1, 3, 5) presents low-power views to illustrate general patterning and zone specificity within the neocortex, whereas the second figure in each pair (Figs. 2, 4, 6) consists of higher-power views of the region surrounding the CP, to demonstrate laminarand zone-specific expression. All of the results presented in this paper are summarized in Table 1 . Finally, although the EphA receptors and the ephrin-A ligands are widely expressed throughout the embryonic primate forebrain, we will limit our comments in this paper to their expression within the neocortex.
Expression patterns at E65
EphA1, EphA2, ephrin-A1, ephrin-A2, and ephrin-A4 are not expressed within the cerebral wall at E65 (Fig. 1, R 
, and L-A4, respectively). However, other family members are and their expression is detailed below.
EphA3
EphA3 is absent from the VZ and MZ, but it is present at low levels within the IZ and is strongly expressed by cells of the SVZ. Moreover, within the SVZ, EphA3 is present in a posterior-highanterior-low pattern. In contrast, narrowly defined regions of the posterior cortical plate contain cells that express EphA3 (Fig. 1 , R-A3). In particular, EphA3 is expressed by cells within the ventral-most and dorsal-most regions of the posterior C P. Intriguingly, this pattern of expression is reminiscent of the future location of the extrastriate cortex, whereas the region of the prospective striate cortex is devoid of EphA3 expression. Finally, within the CP, EphA3 is expressed by cells within its most superficial two-thirds (Fig. 2, R-A3 ). The remaining panels are radioactive in situ hybridizations using probes to EphA1 (R-A1), EphA2 (R- 
EphA4
Expression of EphA4 within the cerebral wall is restricted to the SP and C P and is absent from all other embryonic zones (Fig. 1,  R-A4 ). Furthermore, uneven expression is observed along the full extent of the cortex's anteroposterior axis. Where it is expressed, however, EphA4 is present across the entire thickness of the CP (Fig. 2, R-A4 ).
EphA5
This molecule is expressed within the C P, with the highest levels anteriorly and posteriorly and reduced levels in between (Fig. 1,  R-A5 ). Within the C P, EphA5 is uniformly expressed (Fig. 2, 
R-A5).
EphA6
EphA6 is present only within the posterior-most region of the CP (Fig. 1, R-A6 ). Moreover, in contrast to the expression of EphA3 at this age, EphA6 is expressed throughout the occipital lobe, in both presumptive striate and extrastriate regions. Finally, EphA6 is expressed by cells within the deepest two-thirds of the CP (Fig.  2, R-A6 ).
EphA7
EphA7, like EphA6, is present in a well defined posterior region of the CP; however, its pattern of expression is slightly expanded in comparison. Although its anteroposterior borders of expression are similar to those of EphA6 (Fig. 1, R-A7 ), EphA7 is expressed more extensively throughout the SP and CP. Within the CP, its expression is consistent with it being present within cells that will constitute layers V and VI (Fig. 2, R-A7 ).
ephrin-A3
ephrin-A3 is present in a punctate pattern within the forming SP and CP, along its full anteroposterior extent and within all of its prospective laminae (Figs. 1, L-A3, 2, L-A3) . 
ephrin-A5
ephrin-A5 is expressed throughout the span of the C P (Fig. 1,  L-A5 ). Within the C P, expression is uniform (Fig. 2, L-A5) .
Together, the expression patterns of the EphA receptors and ephrin-A ligands at E65 demonstrate marked regional and laminar differences. Such early patterns of gene expression are especially interesting because they are present in the absence of thalamic innervation of the CP, suggesting that intrinsically encoded cellular heterogeneities within the neocortex exist during the early stages of its formation. . Embryonic zone-and laminar-specific expression of EphA and ephrin-A family members in the E80 macaque neocortex. A low-power view (1ϫ) of a parasagittal section of an E80 monkey brain ( H ) in which the region of the posterior cortical plate within the box corresponds to the higherpowered (10ϫ) images shown in the remaining panels. H and HЈ are low-and high-powered views, respectively, of hematoxylin-stained tissue. Regions corresponding to the marginal zone (MZ, black bar), cortical plate (CP, white bar), and subplate zone (SP, gray plate) are indicated in HЈ and refer to all of the following panels, which are images of radioactive in situ hybridizations using antisense probes corresponding to
ephrin-A4 (L-A4 ), and ephrin-A5 (L-A5). Silver grains are pink, and bis-benzamide staining is in blue. Anatomical coordinates for this figure are as indicated in Figure 2 .
Expression patterns at E80
Next, we examined members of the EphA system at E80. As at E65, there is robust cell proliferation and migration within the cortical wall at E80. In contrast, however, the C P region at this stage is much better defined, and thalamic axons are present within the cerebral wall, waiting within the SP zone before their invasion into the C P.
EphA1, EphA2, ephrin-A1, ephrin-A2, and ephrin-A4 are not expressed within the neocortex at E80 (Fig. 3, R 
However, all other family members were present in distinct patterns, and the pattern of each expressed molecule is described briefly below.
EphA3
EphA3 is not expressed within either the VZ or MZ, but it is present at low but detectable levels in the I Z and SP. Furthermore, EphA3 is strongly expressed by cells of the SVZ and CP at E80 (Fig. 3, R-A3) . Indeed, within each of these embryonic zones, EphA3 is differentially expressed; it is present at highest levels within the most posterior regions of the neocortex. Furthermore, EphA3 is expressed by the most superficial layer of the cortical plate at this stage, which are the cells that will give rise to future layer IV (Fig. 4, R-A3 ).
EphA4
EphA4 is expressed within the CP and to a lesser extent the IZ and SVZ, but it is absent from the SP and VZ at E80 (Fig. 3,  R-A4 ). Within the cortical plate, its expression is patterned: levels are high posteriorly, low in the middle, and intermediate anteriorly. In contrast to EphA3, EphA4 expression has a more anterior boundary of expression, encompassing the posterior two-thirds of the CP. Moreover, within the CP, EphA4 is present throughout, consistent with its expression by cells that will populate future layers IV, V, and VI (Fig. 4, R-A4 ).
EphA5
In contrast with the previous two EphA receptors, EphA5 is present within all zones of the embryonic cortex, including the VZ, SVZ, and CP, and to a lesser extent, the IZ, SP, and MZ (Fig. 3, R-A5) . EphA5 is present throughout the CP's anteroposterior extent, although the middle section has lower levels than neighboring areas. Finally, EphA5 is in all strata of the CP (Fig.  4, R-A5 ).
EphA6
EphA6 is expressed exclusively within a single domain of the E80 cortical wall (Fig. 3, R-A6 ), the most posterior one-third, a region that is consistent with the location of the f uture visual cortex (Rakic, 1976; Kostovic and Rakic, 1984; Dehay et al., 1996) . Moreover, a single band of cells in the deep C P and SP is EphA6 positive (Fig. 4, R-A6 ).
EphA7
EphA7 is also expressed by the developing neocortex, mainly in the SP and CP, with low levels of expression within the posteriormost SVZ (Fig. 3, R-A7 ). There is a gradient of expression within Figure 6 . Laminar-and zone-specific patterns of EphA and ephrin-A gene expression in the E95 macaque neocortex. A low-power view (1ϫ) of a hematoxylin-stained section of an E95 monkey brain ( H ) in which the area indicated by the box is shown at higher power (4ϫ) in HЈ and similar areas of additional sections in the remaining panels. Embryonic zones [marginal zone (MZ, black bar), cortical plate (CP, white bar), and subplate zone (SP, gray bar)] are indicated to the right, and tentative designations of future cortical layers (I, II/III, I V, V, V I ) are shown on the left of HЈ. These zones and layers refer to all panels, which correspond to radioactive in situ hybridizations using probes to EphA1 (R-A1), EphA2 (R-A2), EphA3 (R-A3), EphA4 (R-A4 ), EphA5 (R-A5), EphA6 (R-A6 ), EphA7 (R-A7 ), ephrin-A1 (L-A1), ephrin-A2 (L-A2), ephrin-A3 (L-A3), ephrin-A4 (L-A4 ), and ephrin-A5 (L-A5) in which silver grains are shown in pink and bisbenzamide staining is in blue. Anatomical coordinates for this figure are indicated in the bottom lef t corner of H in Figure 2. the CP that has an anterior boundary similar to that of EphA4. Within the C P, EphA7 expression is consistent with its presence in cells that will populate the deep layers, f uture layers V and VI (Fig. 4, R-A7 ). Thus, once again, EphA7's expression pattern overlaps considerably with that of EphA6; however, it is more extensive.
ephrin-A3
ephrin-A3 is expressed at low levels in the C P and is absent from all other embryonic zones of the developing cerebral wall (Fig. 3,  L-A3 ). Within the cortical plate, its expression is highest in middle regions, with lower levels posteriorly and little expression anteriorly. Finally, ephrin-A3 is expressed throughout the CP [Fig. 4 , L-A3 (and data not shown)].
ephrin-A5
At this age, expression of ephrin-A5 is robust throughout the CP, with undetectable levels in other zones (Fig. 3, L-A5 ). Unlike other members of this family, ephrin-A5 expression is not biased along the cortex's anteroposterior axis. Moreover, ephrin-A5 is slightly laminar-specific, with the highest levels in intermediate regions of the C P, consistent with this gene being expressed by cells of f uture layer V (Fig. 4, L-A5) .
Taken together, patterns of EphA and ephrin-A gene expression remain diverse within the E80 neocortex, both laminarly and areally. Although some patterns of expression were maintained from E65 to E80 (e.g., EphA4, EphA5, EphA6, ephrin-A3, and ephrin-A5), others were significantly expanded (e.g., EphA3 and EphA7).
Expression patterns at E95
To investigate whether the patterns of gene expression that we observed at earlier stages (E65 and E80) were maintained in late phases of corticogenesis, we examined the expression of the EphA receptors and ephrin-A ligands at E95. This was especially important for identifying whether differences in gene expression might be functionally related, because developmental gradients exist during the formation of the neocortex; early in development, posterior regions such as visual cortex are slightly more mature than frontal regions. However, by E95, these developmental gradients are largely gone. In addition to normalizing developmental differences, E95 in macaque monkey corresponds to the end of cortical neurogenesis: neurons of all layers are present within the CP, and thalamocortical fibers are forming synapses within their cortical targets (Rakic, 1976 (Rakic, , 1977b Sidman and Rakic, 1982) . Thus, examining gene expression at E95 allows us to determine the stability of patterns that we observed earlier in corticogenesis and to assess the potential effects of afferent innervation on these patterns.
EphA1, EphA2, ephrin-A1, and ephrin-A4 are still not detectable within the brain at E95 (Fig. 5, 
R-A1, R-A2, L-A1, L-A4, respectively); however, ephrin-A2 is now clearly expressed (Figs. 5, L-A2, 6, L-A2). Each gene's expression pattern is detailed briefly below.
EphA3
EphA3 expression at this age is tightly localized to the posteriormost one-third of the CP (Fig. 5R-A3 ). As at E80, EphA3 expression is consistent with its localization in presumptive layer IV at E95 (Fig. 6, R-A3 ).
EphA4
Although present throughout the E95 cerebral wall, levels of EphA4 are highest within the posterior half of the cortical plate. As at E80, the anterior border of EphA4 is more rostral than that of EphA3 (Fig. 5, R-A4 ). Moreover, EphA4 is present only in the deepest layers of the CP, presumably future layers IV, V, and VI, as well as within the SP zone (Fig. 6, R-A4 ).
EphA5
The pattern of EphA5 expression in the E95 neocortex is significantly different from that seen at E80. In particular, in contrast with the fairly uniform expression at E80, EphA5 levels are high posteriorly, with very low anterior expression at E95 (Fig. 5,  R-A5) . Furthermore, EphA5 is present throughout the CP and SP but is now excluded from the MZ (Fig. 6, R-A5 ).
EphA6
As at E80, expression of EphA6 is restricted to the posterior-most region of the cerebral cortex (Fig. 5, R-A6 ) and continues to be tightly localized to the deepest CP and the SP zone (Fig. 6 , R-A6 ).
EphA7
Although the highest levels of EphA7, like EphA6, are found in the posterior cortex, its expression remains more widespread in two respects. First, the anterior border of EphA7 expression extends more rostrally than that of EphA6; second, EphA7 is expressed in anterior regions of the cortex, although it is unclear to what prospective cytoarchitectonic areas these patches correspond (Fig. 5, R-A7 ). EphA7 is expressed in SP and within the deepest layers of the CP (Fig. 6, R-A7 ). Thus, as we observed at earlier ages, expression of EphA7 is similar to that of EphA6; however, it is considerably more extensive, both along the cortex's anteroposterior axis and within the cerebral wall.
ephrin-A2
ephrin-A2, a gene that was not detectable at E65 or E80, is expressed throughout the cortical plate at E95 (Fig. 5, L-A2) . Moreover, ephrin-A2 expression is most intense posteriorly, trailing off anteriorly. Although present in all presumptive layers, ephrin-A2 expression is most concentrated within the deepest strata of the C P, consistent with its presence in cells that will populate f uture layers IV and V (Fig. 6, L-A2 ).
ephrin-A3
In contrast to most other members of the EphA and ephrin-A families, which display posterior-to-anterior gradients of expression, ephrin-A3 demonstrates an anterior-high -posterior-low pattern of expression at E95 (Fig. 5, L-A3 ). In fact, expression of ephrin-A3 has shifted more anteriorly, as compared with its E80 pattern, such that it is present only within the anterior-most two-thirds of the cortex and is absent from posterior regions (Figs. 3 and 5, . Although it is present within all of the presumptive layers of the cortical plate anteriorly (data not shown), it is not detectable within the posterior cortical plate (Fig. 6, L-A3 ).
ephrin-A5
ephrin-A5 expression is restricted to the posterior-most twothirds of the cortex at E95 (Fig. 5, L-A5 ). Interestingly, a similar restriction in expression was observed for EphA5 from E80 to E95 (Figs. 3 and 5 , compare R-A5 with L-A5). Moreover, ephrin-A5 demonstrates marked laminar specificity, in that it is expressed within two bands of cells within the E95 C P: a deep population, consistent with its presence within cells that will populate layer V, and to a lesser extent, a more superficial population that is consistent with the formation of f uture layers II/III (Fig. 6, L-A5 ). Taken together, patterns within the E95 neocortex demonstrate that EphA and ephrin-A gene expression can either remain stable through development or change considerably, suggesting a functional role for some of them during cortical development.
DISCUSSION
In a search for genes that are differentially expressed by cells of the embryonic cerebral wall, especially within presumptive cytoarchitectonic areas, we examined the expression of the Eph receptors and their ligands, the ephrins, in the embryonic macaque monkey neocortex. Taking advantage of the spatial and temporal resolution of the primate cortex, we show here that EphA and ephrin-A family members are expressed in distinct patterns within the embryonic cerebral wall as well as in the cortical plate. Moreover, members of the EphA system are present in laminarspecific and embryonic zone-specific patterns. The fact that well defined patterns of gene expression are present early in cortical development, before innervation of the cortical plate by thalamic afferents, suggests that the expression of this group of molecules is regulated by programs intrinsic to cortical cells. Furthermore, the maintenance of early patterns of expression demonstrates that such programs are stable throughout corticogenesis. In addition to this stability, however, patterns of expression of other members of the EphA system change dramatically as development proceeds. Such refinements to initial patterns support the concept that extrinsic factors can alter a cortical cell's molecular repertoire. Thus, the distinct yet dynamic patterns of EphA system gene expression that we observe within the developing primate cerebral wall are likely to reflect both the intrinsically encoded cell specification and the influence of environmental signals.
It should be noted that we and others have examined this group of molecules in the developing neocortex of more experimentally accessible animals, such as rodents (Gale et al., 1996; Gao et al., 1998 ; our unpublished observations). Although patterns of EphA system members' gene expression are slightly regionalized within the embryonic rodent neocortex, they are more subtle (our unpublished observations). We believe that this difference reflects the sharper laminar, radial, and areal organization of the primate cortex (Sidman and Rakic, 1982; Hohl-Abrahao and Creutzfeldt, 1991) . In particular, the striking separation of striate and extrastriate regions present in primates, both in their distinct patterns of connections and their cytoarchitectonic differentiation, is not obvious in rodents. Nonetheless, the fact that early emerging, if less pronounced, patterns of EphA and ephrin-A gene expression do exist within the rodent cortex suggests that similar rules govern the parcellation of smaller and less complex cortical systems and affirms that it is possible to manipulate gene expression in a more tractable system than primate, thus providing insight into the mechanisms and consequences of their actions during corticogenesis.
Laminar distribution
The expression of some members of the EphA and ephrin-A families suggest that they are present in distinct populations of cells in the developing neocortex, consistent with their marking distinct laminae as they form. In fact, both EphA3 and ephrin-A5 expression suggests future laminar specificity as soon as cells of the future layers have reached the cortical plate. When might such laminar specificity arise? In the case of EphA3, which is expressed by cells of the subventricular zone in a posterior bias that reflects its posteriorly restricted cortical plate expression, it is possible that future posterior layer IV cells are positive for EphA3 as soon as they become postmitotic and begin to migrate. Indeed, lineage, transplantation, and gene expression studies suggest that cells are biased toward specific phenotypes and layers before they reach the cortical plate (McConnell, 1988; Parnavelas et al., 1991; Frantz et al., 1994; Bulfone et al., 1995; Kornack and Rakic, 1995; Kuan et al., 1997; Tan et al., 1998) . In contrast, ephrin-A5 is expressed exclusively by cells of the cortical plate, with no detectable expression in any of the other embryonic zones. Thus, ephrin-A5 expression appears to be activated only after a cell arrives in the cortical plate and begins to differentiate. Interestingly, even at relatively early stages, cells of the cortical plate already show a remarkable degree of differentiation, with obvious typical patterns of dendritic arborization (Shatz and Rakic, 1981) . Thus, despite distinct timing and patterns of laminar distribution, EphA and ephrin-A gene expression appear to mark groups of cells that reside within defined layers of the cortical plate, once again demonstrating that members of this family may be useful for distinguishing between distinct populations of cortical cells early in development.
Areal distribution
We found that expression patterns of EphA and ephrin-A family members also demarcate regional cellular compartments of the cerebral wall, before either the clear morphological segregation of cells into cytoarchitectonic areas or the establishment of the stereotyped patterns of connectivity between the thalamus and the cortex. For example, EphA6 is expressed within a defined region of the posterior cortical plate at E65, an age at which this structure is still forming and is without reciprocal connections with the thalamus (Rakic, 1977b; Shatz and Rakic, 1981) , suggesting that programs innate to cortical cells are regulating this patterned expression. Moreover, the fact that the restricted pattern of expression of EphA6 is maintained at both E80 and E95 reveals marked stability in the face of great changes in cellular composition and patterns of connections. Such stability is especially interesting because the domain within which EphA6 is expressed corresponds to the f uture visual cortex. Thus, EphA6 may be an early marker of a f uture f unctional domain, before that domain has received afferent input from the thalamus and exhibits explicit cytoarchitectonic specification. EphA6's expression is even more intriguing in light of the fact that it is restricted to the deepest layer of the cortical plate and the subplate zone, regions that have been implicated in determining the specificity of thalamocortical fibers (Rakic, 1977b; Rakic, 1984, 1990; McConnell et al., 1989; Blakemore and Molnar, 1990; Ghosh et al., 1990; De C arlos and O'Leary, 1992; Agmon et al., 1995) . Other members of the EphA system also reveal early patterning, some of which delineate prospective f unctional areas. For example, expression of EphA3 at E65 corresponds to the boundaries of the f uture extrastriate cortex, leaving the striate cortex devoid of this marker. This finding hints that the embryonic occipital cortex undergoes hierarchical parcellation of functional subdivisions early in corticogenesis. Thus, molecular compartments exist, both in the cortical plate and in other embryonic zones, and these compartments precede obvious cellular changes.
We also observed considerable alterations in patterns of EphA and ephrin-A gene expression as primate corticogenesis proceeded. For example, ephrin-A5 is uniformly distributed at the beginning and middle stages of corticogenesis (E65 and E80) but is posteriorly biased at its end (E95). In contrast, ephrin-A3, also uniformly expressed early, shifts anteriorly by E95. Such changes in expression could reflect either intrinsically encoded alterations or, conversely, responses to extrinsic factors such as innervation by specific thalamic afferents Dehay et al., 1996 Dehay et al., , 1991 or retrograde induction via corticothalamic innervation, which has formed nucleus-and topographic-specific connections by this point (Shatz and Rakic, 1981) . Although future studies will discern between these possibilities, a role for extrinsic influences is attractive because the time during which the most obvious shifts occur (E80 -95) corresponds to the period within which thalamic axons begin to invade the cortical plate and form synapses as well as when cortical efferents contact their thalamic targets (Shatz and Rakic, 1981) . Our working hypothesis in this regard is that the intrinsically regulated EphA system is involved in attracting appropriate thalamic inputs to particular cortical regions (see Functional considerations); however, after such inputs arrive, local cytoarchitectonic and synaptic features, as well as the final positions of areal borders, are determined by interactions between neocortical cells and thalamic axons (Rakic, 1988) . This hypothesis is consistent with the fact that the final size of the striate cortex depends on the size of its geniculate input (Rakic et al., 1991; Dehay et al., 1996) . Finally, a recent study suggests that the Eph system members are present in mature synapses, indicating that they may be f unctionally plastic as development proceeds (Torres et al., 1998) .
It is intriguing that the prospective visual cortex and its subdivisions are the earliest and most prominently marked by expression of the EphA system. For example, EphA6 is expressed only within the deep cortical plate and subplate of the occipital lobe throughout corticogenesis. Such specific patterning is not as surprising as it may seem, however, because the primate visual cortex is developmentally distinct. Specialization of magnocellular and parvocellular subsystems is apparent early and is independent of patterned activity (Kuljis and Rakic, 1990; Dehay et al., 1991; Rakic, 1991; Rakic et al., 1991; Rakic and Lidow, 1995; Bourgeois and Rakic, 1996; Meissirel et al., 1997; Snider et al., 1999) , and other aspects of the visual cortex's functional organization are also established early and not modifiable by experience (Dehay and Kennedy, 1988; Kennedy and Dehay, 1993; Rakic and Lidow, 1995; Bourgeois and Rakic, 1996; Godecke and Bonhoeffer, 1996; Horton and Hocking, 1996; Murphy et al., 1998) . Moreover, the superior colliculus, the midbrain visual center, develops normally in the absence of mature patterns of visual activity: receptive field properties develop properly in newborn monkeys (Wallace et al., 1997) and corticocollicular projections are normal in anophthalmic mice (Khachab and Bruce, 1999) . The fact that EphA3 is expressed by presumptive extrastriate but not striate cortex at E65 suggests that hierarchical distinctions emerge early among visual subregions. Indeed, such early molecular distinctions are mirrored in the fact that layer IV cells of the striate and extrastriate cortex in primates, but not in most other species, eventually receive exclusive inputs from the spulvinar and lateral geniculate nuclei, respectively, of the thalamus (Benevento and Rezak, 1976; Hendrickson et al., 1978; Rezak and Benevento, 1979; Levitt et al., 1995) . This is why the difference in distribution of EphA3 and EphA6 might not be expected in other species, where the projections of visual thalamic nuclei overlap. Nonetheless, similar distinctions between these cortical regions have been observed within subjacent segments of the subplate zone in human fetuses by acetylcholinesterase staining (Kostovic and Rakic, 1984) . It remains to be determined, however, whether there is a relationship between EphA system expression and subsequent patterns of connectivity. Thus, the primate visual cortex may be unique, both in the clarity of its molecular patterning and in its early cellular parcellation, making it an especially useful system on which to focus in understanding how such distinctions arise in human.
Functional considerations
What might the functional consequences of such marked patterns of gene expression be on cortical development? Because the Eph receptors and their ligands have been implicated in axon guidance throughout the nervous system (Cheng et al., 1995; Drescher et al., 1995; Donoghue et al., 1996; Gao et al., 1998) , it is likely that they function similarly in the developing neocortex. In particular, previous work demonstrating their differential expression in distinct regions of the nervous system, coupled with their differential effects on axon outgrowth, support the notion that these molecules may be involved in guiding thalamic axons either to appropriate cortical regions or laminar targets. In fact, the localization of some EphA receptors within the primate neocortex supports this idea. EphA6 is present in a defined region of the presumptive visual cortex, and within this region it is present in the deep cortical plate and the subplate zone, regions essential for the establishment of proper thalamocortical connectivity Rakic, 1984, 1990; McConnell et al., 1989; Ghosh et al., 1990; De Carlos and O'Leary, 1992) . In addition, EphA3 is expressed by prospective layer IV cells within the future visual region, the primary cortical target of the lateral geniculate nu-cleus of the thalamus. Thus, recognition of distinct presumptive functional domains could be mediated by the differential localization of particular EphA system family members, whether they are within guidance zones, such as the subplate, or within target areas, such as layer IV of the cortex. Whether the presence of these molecules results in repulsive or attractive interactions within the cerebral cortex remains an open question and one that needs to be examined in detail in the f uture. Nonetheless, molecular definitions of f uture f unctional domains could catalyze the formation of specific connections with subcortical structures.
Although we do not yet understand the exact roles that EphA and ephrin-A family members play in the developing cortex, their region-specific expression patterns are instructive because they demonstrate early compartmentalization of the embryonic cerebral wall. In particular, distinct yet restricted patterns of gene expression within the E65 subventricular, intermediate, and subplate zones, as well as in the cortical plate, reveal distinct molecular compartments that exist before the formation of connections with the periphery via the thalamus. Such findings argue that compartmentalized expression arises because of intrinsic programming of subsets of cortical plate cells soon after they exit the ventricular zone, rather than as a result of their induction by innervating axons. This conclusion stands in contrast to regionspecific cytoarchitectonic changes that occur after appropriate innervation of cortical regions by thalamic axons. The orderly patterns of gene expression that we document here raise the possibility that the EphA system may be involved in defining future f unctional domains that incoming axons can then recognize. Thus, the roles of these molecules in the initiation of cortical identity and the establishment of synaptic connections require further analysis.
